ABSTRACT
INTRODUCTION
In oviparous vertebrates, the ovarian form of cytochrome P-450 aromatase (oP450 arom ) plays a crucial role in vitellogenesis [1] [2] [3] . In fish, like in mammals, testosterone produced by thecal cells under the stimulation of gonadotropin-II (also known as luteinizing hormone, LH) serves as an essential substrate for oP450 arom -catalyzed estradiol-17␤ synthesis in granulosa cells induced by gonadotropins [2, [4] [5] [6] . In teleosts, oP450 arom were cloned from several species [5] [6] [7] [8] [9] [10] [11] and also promoter characteristics were described in some species [11] [12] [13] . However, schematic analysis of transcriptional regulation/promoter activity of oP450 arom is limited [14] . The Nile tilapia, Oreochromis niloticus, is a gonochoristic teleost fish with an average 14-day spawning cycle. It is an excellent animal model to study reproduction in teleosts because the events such as vitellogenesis, oocyte maturation, and ovulation can be timed accurately. In Nile tilapia, a steady increase in oP450 arom activity and gene expression occurs during vitellogenesis [7] . Reports from our laboratory confirmed that the enhancement of oP450 arom activity and gene expression in the ovarian follicles could be inhibited completely by actinomycin D [2] . These findings warrant that oP450 arom activity is regulated at the transcriptional level. More recently, studies on medaka demonstrated that an orphan nuclear receptor protein, fushi tarazu-factor I (FTZ-F1), is a transcriptional regulator for oP450 arom expression and activity [14] .
Steroid receptors are members of the orphan nuclear receptor family, and they act as transcription factors for genes regulated by steroid and thyroid hormones [15] [16] [17] [18] [19] . In mammals, Ad4 binding protein Ad4BP/SF-1, a member of the orphan nuclear receptor protein, was identified as a specific transcription factor for steroidogenic tissues [15] [16] [17] [18] . This protein also has high homology to Drosophila FTZ-F1; hence, in some of the species, it was also named as FTZ-F1 [14, 16, [20] [21] [22] [23] . Because most of the earlier [15, 17] and more recent studies (see review [24] ) describe FTZ-F1 as Ad4BP or SF-1, we decided to refer to it as Ad4BP/ SF-1. The primary structure of Ad4BP/SF-1 cDNA or gene has been characterized in many species, including teleosts [14] [15] [16] [17] [20] [21] [22] [23] . In mammals, Ad4BP/SF-1 gene knock out resulted in a lack of reproductive organs, suggesting that Ad4BP/SF-1 functions as a transcription factor involved in the regulation of steroidogenic enzymes as well as in dif- ferentiation of steroidogenic tissues by regulating the Dax-1 gene [25] [26] [27] . Studies explaining the interrelationship of oP450 arom and Ad4BP/SF-1 expression in response to the stimulation of gonadotropins on ovarian growth are scarce. In teleosts, a dramatic shift in steroidogenesis from estradiol-17␤ to 17␣, 20␤-dihydroxy-4-pregnen-3-one (17␣, 20␤-DP, maturation-inducing hormone [MIH] of several teleosts, including Nile tilapia) occurs in the ovarian follicle layer immediately prior to final oocyte maturation (FOM), probably under the influence of gonadotropins [28] . As described above, gonadotropins, both LH and gonadotropin-I or follicle-stimulating hormone (FSH), are required for oP450 arom expression during vitellogenesis, and later, LH subdues oP450 arom and enhances 20␤-hydroxysteroid dehydrogenase (20␤-HSD) expression when the ovarian follicles enter into FOM [1, 28] . However, in red seabream, LH alone plays the role of inducing and subduing oP450 arom expression during sexual maturation [10] . This dual action of gonadotropin(s) on oP450 arom is fairly interesting and is a unique phenomenon to probe whether the shift in steroidogenesis and oP450 arom regulation is signaled initially via Ad4BP/SF-1. In the present investigation, we isolated and characterized the promoter region of the oP450 arom gene and Ad4BP/SF-1 cDNA from tilapia ovary. The presence of Ad4 motifs in the promoter regions of oP450 arom gene was confirmed by gel-shift assays. Subsequently, changes in oP450 arom and Ad4BP/SF-1 expressions were examined during the natural ovarian cycle using Northern blot analysis. Additionally, the follicles were treated with human chorionic gonadotropin (hCG) at two different ovarian stages to understand the paradoxical actions of gonadotropin on oP450 arom gene through Ad4BP/ SF-1.
MATERIALS AND METHODS

Animals
Nile tilapia (O. niloticus) were reared under constant conditions of fresh water (26 Ϯ 1ЊC) and photoperiod (14L:10D) in indoor tanks (500-1000 L) for more than 1 yr until matured. The fish were fed commercial trout pellets ad libitum. Each matured female was transferred to a glass aquarium (50 L) and reared separately under the same conditions. Under these conditions, females spawn repeatedly and show a spawning cycle of 14-18 days, and the samples for the present study were obtained only from 14-day spawning-cycle females after careful observation for three consecutive spawnings/ovulations. In the ovary of Nile tilapia, two classes of oocytes can be distinguished at all times-those that have begun midvitellogenesis and will be spawned at the end of that spawning cycle and those composed of earlier stage oocytes (previtellogenic and early vitellogenic stages).
Ovarian Follicle Collection and Incubation Procedure
Ovarian follicles at different stages of follicular growth (from the early vitellogenic stage to final maturation; samples from one fish per Northern blot analysis, n ϭ 2 per stage) were collected from the ovaries of females prepared according to the time course after ovulation ( Table 1) . Their follicles were isolated from their ovaries by fine forceps in Ringer solution. To perform in vitro experiments, 50 oocytes obtained from 50 follicles (n ϭ 2 per stage, 8 days after ovulation) at the late vitellogenic stage were incubated in 3 ml of Ringer solution with or without hCG (100 U/ml) at 24ЊC for 2, 6, 12, and 18 h. To induce FOM in vitro, ovarian follicles (n ϭ 2 per stage, 11 days after ovulation) at the full-grown immature stage (post vitellogenic) were incubated with hCG (100 U/ml) for 18 h. The status of FOM was confirmed by the disappearance of germinal vesicle (GV) or GV break down (GVBD). GV migration or GVBD was morphologically examined by fixing the oocyte in 20% trichloroacetic acid and later by brief dehydration and clearing.
Nucleic Acid Extraction
Genomic DNA was extracted from liver by a protease K-SDS method. Total RNA from different tissues and ovarian follicles was isolated using Isogen solution (Nippon Gene, Toyohama, Japan) by following the supplier's protocol. Ovarian follicles from ovary were prepared by the method described below. First, the oocytes with surrounding follicular layers were punctured using a micropestle in PBS, and later the yolk and cytoplasm were expelled from the oocytes by changing the PBS buffer repeatedly. The follicle layers were used for the preparation of total RNA after washing them repeatedly in PBS.
Isolation of the Promoter Region of the oP450 arom Gene
The tilapia oP450 arom promoter region was isolated by an improved polymerase chain reaction (PCR) method for walking in uncloned genomic DNA [29] . In brief, first, a special adaptor was ligated to the ends of DNA fragments generated by the digestion of tilapia genomic DNA with DraI, PvuII, ScaI, and SspI separately. Then adaptor-ligated DNA fragments were used as a template for PCR using adaptor (AP) and tilapia oP450 arom gene-specific primers. Primary PCR reactions were conducted in 25-l volumes containing the diluted ligated DNA (5 ng), 2.5 l of 10ϫ Long and Accurate (LA) PCR buffer II (Mg 2ϩ free; TaKaRa, Otsu, Shiga, Japan), 2.5 mM MgCl 2 , 200 M each of dNTP, 0.2 M AP1, 0.2 M tilapia oP450 arom gene-specific primer (GSP1; Fig. 1 ), and 1.25 U Long and Accurate (LA) Taq (TaKaRa). For this PCR amplification, a touch-down program was used (7 cycles: 94ЊC for 25 sec and 72ЊC for 4 min; 32 cycles: 94ЊC for 25 sec and 67ЊC for 4 min). A second PCR reaction was conducted with 1 l of a 500-fold dilution of the primary PCR using AP2 and the nested gene-specific primer (GSP2; Fig. 1 ). The same reaction was used, and the PCR program was changed slightly (5 cycles: 94ЊC for 25 sec and 72ЊC for 4 min; 20 cycles: 94ЊC for 25 sec and 67ЊC for 4 min). The PCR products were examined on 1% agarose/ethidium bromide (EtBr) gels. In a serial PCR experiment, a single major PCR product (about 2.5 kb) was obtained from PvuII adaptor-ligated DNA and was subcloned into pBluescript II SK (Stratagene, La Jolla, CA) and sequenced.
5Ј Rapid Amplification cDNA Ends
Total RNA isolated from the ovarian follicle (midvitellogenic stage) and two gene-specific primers (GSP1 and GSP2; Fig. 1 ) were used for 5Ј RACE (rapid amplification cDNA ends) of tilapia oP450 arom . The 5Ј RACE was performed using a GIBCO-BRL kit (5ЈRACE, Ver 2.0; Gaithersburg, MD) according to the manufacturer's protocol. The resulting 5Ј RACE product was subcloned into pBluescript II SK (Stratagene) and sequenced.
Isolation of Ad4BP/SF-1 cDNA and RT-PCR Total RNA was extracted from different tissues (ovary at late vitellogenic stage, mature testes, brain, liver, and kidney) of adult Nile tilapia.
FIG. 1.
Nucleotide sequences of the promoter region of the tilapia oP450 arom gene. The arrow denotes the transcription initiation site (ϩ1) determined by 5Ј RACE. The exon 1 sequence is indicated in capital letters. A putative initiation codon (ATG) is doubly underlined. Potential cis elements are underlined once. ERE half, a half site of the estrogen-responsive element; CRE, cAMP-responsive element; Ad4, Ad4-binding motif; TATA, box. The position of the gene-specific primers are denoted as horizontal arrows and restriction site PvuII is boxed.
Separation of mRNA from total RNA was performed by oligotexdT30ϽsuperϾ (TaKaRa) according to the manufacturer's protocol with slight modification. The mRNA was obtained as poly(A) ϩ RNA-oligotexdT30 complex without elution from latex beads. First-strand cDNA was synthesized from this complex, which was then reverse transcribed using oligo-dT30 sequence on the beads without addition of primers for the reverse transcription (RT) reaction. First-strand reaction included 20 l of RT buffer (10 mM Tris-HCl, 5 mM MgCl 2 , 50 mM KCl, pH 8.3), 1 mM dNTPs, 20 U RNase inhibitor, 5 U AMV reverse transcriptase (Life Sciences Inc., St. Petersburg, FL). The RT reaction was carried out at 42ЊC for 60 min. PCR reaction was carried out using a standard protocol [30] with different set of primers based on the requirements. For amplification of the probe used for library screening of Ad4BP/SF-1, we designed one set of primers (sense: 5ЈTGTCC(A/G)GTGTGCGG(A/T)GACAA-3Ј; antisense: 5ЈGCCC(T/G)GTCTC(T/G)GTCTC(T/G)CTTGTACAT-3Ј) based on nucleotide sequences of highly conserved regions (DNA-binding domain and Ad4BP/SF-1 box) between medaka [14] and zebrafish [21] FTZ-F1 homologs. The Ad4BP/SF-1 cDNA fragment (275 base pair [bp]) obtained from Ad4BP/SF-1 degenerate primer PCR had high homology with other Ad4BP/SF-1 or FTZ-F1 cDNAs, including medaka, and was used for the screening of the tilapia ovary cDNA library. From 4 ϫ 10 5 recombinant phage plaques, four Ad4BP/SF-1 cDNA clones were identified, plaque purified, and subcloned into pBluescript II SK (Stratagene). The size of the cDNA insert of these clones was checked by PCR with T3 and T7 primers before sequencing. For amplification of the tilapia Ad4BP/SF-1 transcript to analyze tissue distribution patterns, specific primers were designed (sense: 5Ј-GCTGTCTCATAACTGCTGGTC-3Ј; antisense: 5Ј-TCTCGATCAGCAGGTTGTTG-3Ј). These primers correspond to nucle-1548 YOSHIURA ET AL.
otide positions 1169-1189 and 1625-1644 of tilapia Ad4BP/SF-1 cDNA. The PCR amplification of tilapia ␤-actin was performed to check the cDNA used in PCR reactions. The specific primer set for tilapia ␤-actin was designed (sense: 5Ј-GGCATCACACCTTCTACAACGA-3Ј; antisense: 5Ј-ACGCTCTGTCAGGATCTTCA-3Ј). The tilapia ␤-actin cDNA was isolated from a tilapia ovarian cDNA library constructed earlier in our laboratory [7] using a cDNA probe encoding ␤-actin of goldfish [31] .
DNA Sequencing Analysis
Double-stranded plasmid DNA was purified by the alkaline lysis method [30] . Sequencing was performed for both strands with an Applied Biosystems model 377 sequencer (Foster City, CA) after labeling with a dye terminator cycle sequencing kit using T3 and T7 primers. Sequence analysis was performed using the Gene Works 2.5 software (Intelligenetics, Mountain View, CA). Amino acid sequence alignment was performed using the clustal W (1.7) multiple sequence alignment program, and homology value (percent of amino acid sequence identity) was calculated by the pairwise alignment. The phylogenetic tree was constructed by the neighbor-joining method [32] using PHYLIP (Phylogeny Inference Package) version 3.57c. Distance matrices were calculated using the Dayhoff model of the PROTDIST program in the PHYLIP. The robustness of the tree was analyzed by the bootstrap method with 100 pseudoreplications.
In Vitro Translation and Nuclear Protein Extraction
The fragment of tilapia Ad4BP/SF-1 cDNA (nucleotides 194-1785), including the full length of an open reading frame, was released with EcoRI and SmaI from the original plasmid, which lacked 193 bp of the 5Ј untranslated region in the 5Ј end, and was subsequently introduced into the eukaryotic expression vector pSG5 (Stratagene). The resulting construct was used for in vitro translation of tilapia Ad4BP/SF-1. Then 1 g of tilapia Ad4BP/SF-1 expression vector was employed in the TNT-coupled reticulocyte system (Promega, Madison, WI), as instructed by the manufacture. Nuclear protein was extracted from follicle layers (theca and granulosa cell layers) at midvitellogenic stage (5 days after ovulation; see Table 1 ) according to the nuclear protein extraction procedure described previously [14] .
Gel-Shift Assay
Gel-shift assay was performed as per the method described previously [14] with slight modifications. Four double stranded oligonucleotide fragments were synthesized as follows. The consensus Ad4 (5ЈGTGCATCCA-AGGGTCACTGATGAC3Ј), harboring the binding site for Ad4BP/SF-1 (underlined in the sequence) that is identical to consensus Ad4BP binding motif (5Ј-PyAGGPyCPu), showed high binding activity to bovine Ad4BP and fish (medaka) FTZ-F1 [14, 15] . The mutated Ad4 (⌬Ad4, 5ЈGTGCA-TATCAGGTCACTGATGAC3Ј) altered the first three nucleotides (indicated by boldface letters) of the consensus Ad4 binding motif and could not bind to bovine Ad4BP/SF-1 and medaka FTZ-F1 [14, 15] . The Arom1 (5ЈAATCCCTCAAGGTTGCCAC3Ј) and Arom2 (5ЈGTAAACCCA-AGGGCATGAAC) were homologous to the tilapia aromatase gene promoter element (Fig. 2B) . These fragments were end labeled by [ 32 P]dCTP throughout using a klenow fill-in from both ends. The labeled DNA probe (4 ng, 20 000-40 000 cpm) were added to 20 l of a binding reaction (15 mM HEPES, pH 7.9; 100 ng/l [dIdC:dIdC]; 4% Ficoll 400 [w/v]; 4 g/ ml BSA; 50 mM KCl; 1 mM DTT; 1 mM EDTA) with 4 g nuclear extract protein from follicle layers at midvitellogenic stage or 1 l in vitrotranslated tilapia Ad4BP/SF-1 protein. In addition, unlabeled, doublestranded DNA oligomers were used as competitors in the binding reactions. Binding reaction mixtures were incubated for 30 min at room temperature. Unbound labeled DNA was separated as DNA-protein complexes by electrophoresis carried out on 8% polyacrylamide gel in 1% Tris-glycine-EDTA at 10 mA for 1 h. Gels were exposed and then visualized with a BAS2000 image analyzer (Fuji Film Co. Ltd., Tokyo, Japan).
Northern Blot Analysis
Total RNA was extracted from ovarian follicles at various stages or from hCG-treated follicles in vitro (see above), and Northern blot was performed using a standard protocol [30] . The membranes were scanned and quantified for intensity of hybridization signals with a BAS 2000 image analyzer (Fuji Film Co. Ltd.). After scanning, the blots were stripped of radioactivity with 0.1% SDS at 100ЊC and probed again with a radiolabeled ␤-actin cDNA (1.4 kb tilapia ␤-actin cDNA fragment out of 2 kb ␤-actin cDNA clone; Yoshiura et al., unpublished results). The ␤-actin was used as an internal control. In addition, the gel was stained with EtBr to verify 18 and 28S RNA to demonstrate equal loading of total RNA in all lanes. Northern blots were repeated twice for all the analyses with different samples, and relative mean expression levels of Ad4BP/SF-1 or oP450 arom mRNA were determined by comparing with ␤-actin mRNA.
RESULTS
Isolation and Sequence Analysis of the Promoter Region of the oP450 arom Gene
The nucleotide sequence of the 5Ј flanking region and the exon 1 of the tilapia oP450 arom gene are shown in Figure 1 . The 5Ј RACE was performed in order to determine the 5Ј end of the tilapia oP450 arom transcript (putative transcription initiation site). The sequence obtained from the 5Ј RACE started at nucleotide A, which is located 36 bp upstream from a putative initiation codon (ATG), and thus the transcriptional initiation site was assigned to be the same nucleotide (A), which is also at 28 bp downstream from a putative TATA box (Fig. 1) . Inspection of the 5Ј flanking region and exon 1 of the tilapia oP450 arom gene yielded potential regulatory elements, including CRE [33] , two Ad4-binding motifs [34] , and a half site of the palindrome sequences of estrogen-responsive element (ERE half) with sequence similarity. The positions of these elements were shown in Figure 1 . The sequence of tilapia oP450 arom promoter was compared with the medaka oP450 arom promoter by harr plot and alignment analyses [35] , and a region (Ϫ180 to Ϫ30 bp) upstream from the TATA box was found to have similarity between two promoters (figure not shown). This conserved region included two putative Ad4-binding motifs at the same positions within both tilapia and medaka promoters. The nucleotide sequence of the promoter region (5Ј flanking region of ovarian cytochrome P-450 aromatase gene) is accessible in GenBank under accession no. AB089924.
Nucleic and Deduced Amino Acid Sequences of Tilapia Ad4BP/SF-1
Tilapia Ad4BP/SF-1 cDNA contained 5071 nucleotides with a putative 1485-bp open reading frame but not a consensus polyadenylation signal or poly(A) tail. This cDNA encoded a protein of 486 amino acids. Phylogenetic tree analysis of tilapia Ad4BP/SF-1 indicated that it has the highest homology and similarity to medaka FTZ-F1 (data not shown) and also has high homology to other vertebrate Ad4BP/SF-1 or FTZ-F1 (Fig. 2) . Figure 2 also depicts that DNA binding domain, putative Ad4BP/SF-1 box, and regions II and III of tilapia Ad4BP/SF-1 are highly conserved. Table 2 refers the amino acid identities in the aforesaid regions with other vertebrate homologues. The nucleotide sequence of tilapia Ad4BP/SF-1 is accessible in GenBank under accession no. AB060814.
Tissue Distribution Pattern of Tilapia Ad4BP/SF-1
Tilapia Ad4BP/SF-1 cDNA (476 bp) was distributed in gonadal tissues, brain, and kidney (Fig. 3, upper panel) . No signal could be detected in the liver. The expression of Ad4BP/SF-1 in (late vitellogenic) ovary was weaker. The expression of ␤-actin (Fig. 3, lower panel) indicated the functional integrity of the cDNA templates.
In Vitro Translation and Gel-Shift Assay
In vitro-translated tilapia Ad4BP/SF-1 formed a retarded band with the Ad4 consensus sequence that has been shown to bind bovine Ad4BP (Fig. 4A, lanes 2 and 6) . The same is true with two different oP450 arom gene promoter elements (Fig. 4A, lanes 9, 13, 15, and 19) . Further, the mobility patterns of the retarded band after binding with Ad4 and oP450 arom (Arom1 and Arom2) promoter elements were similar. On the other hand, the mutated Ad4 (⌬Ad4 in Fig.  4 , A and B) sequence neither formed any retarded band with in vitro-translated Ad4BP/SF-1 (Fig. 4A, lane 7) nor competed with the native cold competitors (Fig. 4A, lanes  6, 13, and 19 ). Gel-shift assays using follicular nuclear extracts of midvitellogenic ovary also showed the occurrence of proteins that bind specifically to Ad4, Arom1, and Arom2 oligonucleotides. Interestingly, nuclear extracts formed three retarded bands in which the first one was more conspicuous (Fig. 4B, lanes 2, 6, 8, and 12 ). In addition, in vitro-translated tilapia Ad4BP/SF-1 showed more or less the same mobility as retarded band 1 (Fig. 4B, lanes 1 and  7) . These three bands disappeared slowly in the presence of varying folds of native cold competitors (Fig. 4B , lanes 3, 4, 5, 9, 10, and 11) but not with mutated Ad4 (Fig. 4B,  lanes 6 and 12) .
Changes in mRNA Levels of oP450 arom and Ad4BP/SF-1 During the Ovulatory Cycle of Nile Tilapia
Northern blot analysis of oP450 arom and Ad4BP/SF-1 expression at different stages of the ovarian cycle (Fig. 5) revealed that the expression of oP450 arom and Ad4BP/SF-1 is an ascending trend from Day 0 (subdivided into A and B, depending on the size of the oocyte; refer to Table 1 ) to Day 5 after spawning, and then both turn out weaker from Day 8 to Day 11. Incidentally, the expression of Ad4BP/ SF-1 was complementary to oP450 arom , with peak expression at Days 2-5. Later, the expression of both oP450 arom and Ad4BP/SF-1 became undetectable in the ovarian follicle at the day of spawning (Day 14). Similar results were obtained after repeating the Northern blot analysis with another set of samples. sponding to Day 11 after ovulation) with hCG abolished the expression of both oP450 arom and Ad4BP/SF-1 at 18 h ( Fig. 6A ; see also graphical data). On the other hand, in vitro incubation of late vitellogenic follicles (corresponding to Day 8 after ovulation) with hCG maintained the expression of Ad4BP/SF-1 more or less steadily up to 18 h, while that of oP450 arom was up-regulated from 6 h onward ( Fig.  6B ; see also graphical data). Similar results were obtained after repeating the Northern blot analysis with a second round of in vitro experiment samples.
DISCUSSION
Isolation and analysis of the promoter region of the oP450 arom gene from Nile tilapia revealed the presence of several oligomeric sequences that correspond to mammalian Ad4/SF-1 or FTZ-F1 orphan nuclear receptor motifs, ERE half, and CRE. Studies from medaka oP450 arom [6, 35] and Ad4BP/SF-1 demonstrated a transcriptional regulation of the former by the latter [14] , which had prompted us to clone Ad4BP/SF-1 cDNA in the first instance from Nile tilapia and to study the gonadotropin regulation over oP450 arom and Ad4BP/SF-1. Furthermore, the putative Ad4BP/SF-1 motifs shared the same positions within the promoter regions of medaka [35] and tilapia. Interestingly, the promoter characteristics with reference to Ad4BP/SF-1 motifs of the oP450 arom gene of tilapia resembled that of goldfish CYP19a and zebrafish CYP19a1 aromatase genes [12, 13] ; however, tilapia has two such motifs.
Isolation and characterization of Ad4BP/SF-1 cDNA clone from tilapia ovary revealed that the cDNA possesses typical structural features of the orphan nuclear receptor family. Conserved regions that are essential for DNA-and ligand-binding domains [36] showed high homology with other vertebrate Ad4BP/SF-1 cDNAs. In addition, activation function-2 (AF-2) and Ad4BP/SF-1 box show 100% identity, indicating that tilapia Ad4BP/SF-1 cDNA can be classified as a member of the Ad4BP/SF-1 family [37] . More recently, due to the lack of an AF-2 domain in zebrafish FTZ-F1 homolog, it has been determined that multiple subdomains in D and E regions are required for transcriptional activity [38] . The tissue distribution pattern and absence of expression in liver tend to indicate that tilapia Ad4BP/SF-1 can be grouped with Ad4BP/SF-1 rather than with LRH-1/FTF [17, 39] . It is also interesting to note that the tissues that showed the expression of Ad4BP/SF-1 to be a foil for oP450 arom expression. Weaker expression of Ad4BP/SF-1 in the ovary is essentially due to the stage (late vitellogenic) of the sample (see below) and not to lower amplification of the PCR.
Gel-shift assays using in vitro-translated tilapia Ad4BP/ SF-1 demonstrated that it forms a complex with Ad4 oligomeric sequences, indicating that tilapia Ad4BP/SF-1 specifically binds to its DNA motif. To further analyze, we used follicular nuclear extracts prepared from midvitellogenic ovary. The identification of three retarded bands in which the first one showed a similar mobility to the in vitrotranslated tilapia Ad4BP/SF-1 indicates the natural presence of Ad4BP/SF-1-like protein in midvitellogenic ovarian follicles. Disappearance of binding on various folds of native cold competitors indicates the specificity of tilapia Ad4BP/SF-1 to bind with follicular nuclear extract proteins and in vitro-translated Ad4BP/SF-1 as well. Studies from our laboratory had already established that mutated oligomeric sequences of Ad4 could not bind specifically either to ovarian follicular nuclear protein or to in vitro-translated Ad4BP/SF-1 [14] . The present analysis using gel-shift assay extends support for such findings.
In the next step, we analyzed the changes in the expression profile of oP450 arom and Ad4BP/SF-1 during the ovarian cycle. The amounts of oP450 arom and Ad4BP/SF-1 transcripts increased significantly during vitellogenesis and declined during late/post vitellogenesis. Interestingly, when the follicle attained the FOM stage, the expression of both oP450 arom and Ad4BP/SF-1 became undetectable. To our knowledge, there are no reports describing the simultaneous comparison of oP450 arom and Ad4BP/SF-1 gene expression during different classified stages of the ovarian cycle in any lower vertebrates, including teleosts. Combined reports from medaka on oP450 arom [6] and FTZ-F1 [14] expressions support our results. In mammals, oP450 arom expression is induced by FSH in granulosa cells of preovulatory follicles and subsequently diminishes as a consequence of the LH surge. The decrease in oP450 arom transcripts was associated with the reduction in mRNA of SF-1, probably elicited by the LH surge [40] . Our present observation is in accordance with these findings. Complementary expression of oP450 arom and Ad4BP/SF-1, specific binding of in vitro-translated Ad4BP/SF-1 with Ad4, and oP450 arom promoter sequences positively endorse that Ad4BP/SF-1 essentially serves as a transcriptional regulator for oP450 arom .
Interestingly, in mammals, CRE binding protein (CREB) and SF-1 domains of oP450 arom gene act in an additive manner to mediate cAMP transactivation in granulosa cells, and they also interact synergistically to confer high basal transactivation in R2C Leydig cells [41] . In rats, both SF-1 and CRE essentially participate in the regulation of aromatase activity [42] . In teleosts, although cAMP is considered as an important second messenger for both estradiol-17␤ and 17␣,20␤-DP biosynthesis [1, 28] and many other gonadotropin-related processes [43, 44] , attempts to clone CREB or study CRE promoter activity in oP450 arom are limited. Further studies are required to analyze the role of CREB in relation to ovarian development and also with reference to oP450 arom , as the present report did not point out anything about the involvement of CRE vis à vis CREB.
In this study, both oP450 arom and Ad4BP/SF-1 transcripts sharply declined and became undetectable when post vitellogenic full-grown immature follicles were incubated with hCG. A more recent report [45] from our laboratory pointed out that carbonyl reductase-like 20␤-HSD, an enzyme required for MIH synthesis, appeared intensely after incubating the full-grown immature follicles (Day 11 after ovulation) with hCG and also during FOM when Ad4BP/ SF-1 and oP450 arom expression got attenuated (present study). Senthilkumaran et al. [46] logically indicated that CRE but not Ad4 upstream motifs showed transcriptional (promoter) activity in trout 20␤-HSD gene. Thus, the present state of knowledge in teleost FOM suggests that gonadotropins implicate Ad4BP/SF-1 as a transcriptional regulator for oP450 arom and that there may be a different transcriptional factor for 20␤-HSD. Taken together, the triggering of steroidogenic shift by gonadotropins is manifested through two molecular mechanisms, the first being the subjugation of the expression of Ad4BP/SF-1 vis à vis oP450 arom and the second one being the induction of overexpression of 20␤-HSD, probably via an unknown transcriptional factor. This signifies further that subduing followed by abolition of Ad4BP/SF-1 launches the immediate signal for the shift in steroidogenesis during the ovarian cycle in teleosts. Desertion of Ad4BP/SF-1 and oP450 arom expression in full-grown immature follicles (Day 11 after spawning) treated with hCG, on the one hand, and maintenance or elevation of their expression in late vitellogenic follicles (Day 8 after spawning) treated with hCG on the other suggest that gonadotropins play a dual roles in a paradoxical manner to regulate ovarian development by implicating Ad4BP/SF-1 to modulate oP450 arom gene. However, hCG up-regulates oP450 arom gene expression in late vitellogenic follicles without modifying Ad4BP/SF-1 to a large extent. This seems to indicate that gonadotropins might also have additional transcriptional factors to regulate the oP450 arom gene or else the timing for hCG up-regulation of Ad4BP/SF-1 may be much earlier than oP450 arom , e.g., at the early or mid vitellogenic follicular stage. This phenomenon is unclear at present. Nevertheless, our studies using hCG lead to our findings that gonadotropin acts in a phase-dependent manner on ovarian follicles to modulate steroid biosynthesis. In summary, our results suggest a role for Ad4BP/SF-1 probably in the transcriptional regulation of oP450 arom in the ovarian follicles of Nile tilapia and perhaps gonadotropins assign such a major function.
